The effects of discharge rates (0.5C, 1.0C, 2.0C, 3.0C, 4.0C and 5.0C) on the aging of LiFePO 4 /graphite full cells are researched by disassembling the fresh and aged full cells. The capacity degradation mechanism is analyzed via electrochemical performance, surface morphologies and compositions, and the structure of the anode and cathode electrodes. The capacity fade is accelerated with increasing discharge rates. The irreversible loss of active lithium due to the generation of an SEI film is the primary aging factor for the full cells cycled at low discharge rates. However, when the discharge rate is greater than or equal to 4.0C, the performance degradation of the LiFePO 4 electrode is distinct due to structure decay, which is caused by quick and repeated intercalation of lithium ions and elevated temperature during discharging.
Introduction
The lithium ion battery is widely used for portable devices and electric automobiles, and it is considered to be the most promising power source to replace fossil fuels. 1 Many novel anode and cathode materials are presented and studied to improve the performances of Li-ion batteries, 2-5 such as siliconbased materials, 6, 7 transition metal oxides, 8,9 nanostructured carbons, 10, 11 or nickel-rich and lithium-rich layered oxide cathodes. 12, 13 Besides the increasing demand for specic energy and specic power, the lifetime of lithium ion batteries is still the greatest challenge for widespread use, since the service life is even expected to be as long as 10-15 years.
14,15
The capacity fade of lithium ion batteries is strongly related to the use conditions, such as the charge and discharge rate, [16] [17] [18] [19] the cut-off voltage, [19] [20] [21] the depth of discharge (DOD), [22] [23] [24] the state of charge (SOC) [25] [26] [27] and the ambient temperature, [28] [29] [30] [31] [32] [33] [34] which all have inuences on the performance and the lifetime of lithium ion batteries. In general, the primary cause of capacity fade is attributed to the loss of active lithium which might result from the generation of solid electrolyte interface (SEI) lm on the anode, the deposition of lithium or electrolyte decomposition. 19, 35 In addition, the performance degradation of electrode materials and the increased internal resistance also have great impact on the aging of lithium ion batteries. 36 However, there is a lack of the related systematic research in whether the degradation mechanism is changed under different conditions and the quantitative analysis of the effects of aging factors.
In order to make a rapid evaluation of the lifetime in a short period of time, the lithium ion battery could be tested under accelerated aging conditions. Enhancing the charge and discharge rate is an efficient and maneuverable way to shorten the lifetime of lithium ion battery. In our previous work, the effect of charge/discharge rate on the aging of LiFePO 4 /graphite batteries was investigated. 37 The lithium deposition was generated on the anode surface during the charging process when the charge rate was greater than or equal to 2.0C, which resulted in the change of the mechanism for consumption of active lithium. Therefore, in order to avoid the deposition of metallic lithium during charging, the aging of LiFePO 4 /graphite batteries was accelerated by enhancing the discharge rate and xing the charge rate in this work. A kind of commercial LiFePO 4 /graphite cells were cycled at different discharge rates (0.5C, 1.0C, 2.0C, 3.0C, 4.0C and 5.0C) and the same charge rate of 0.5C. The reasons for the capacity fade of full cells aer aging were researched by disassembly analysis, and the effects of discharge rates on LiFePO 4 /graphite batteries were investigated and compared. If the enhanced discharge rate just shortens the cycle time without altering the degradation mechanism of lithium ion batteries, it would be a rational and effective method to accelerate the capacity fade of full cell.
Experimental

Cycling test
The rated capacity of the commercial LiFePO 4 /graphite cells (CP523450A cell, HARBIN COSLIGHT POWER CO., LTD) used in this study was 580 mA h, and the dimensions of this prismatic cell were 52 mm Â 34 mm Â 5 mm. The designed capacity ratio of anode to cathode was about 1.2. Before the cycling tests, the initial capacities of fresh full cells were detected by three full charge/discharge cycles at 0.5C. The full cells were rstly constant current charged to 3.7 V and held at 3.7 V until the current dropped to 0.02C. Aer a two minutes rest, the full cells were constant current discharged to 2.5 V. Then the full cells were cycled in accordance with the above test procedure at the constant charge rate of 0.5C and the different discharge rates (0.5C, 1.0C, 2.0C, 3.0C, 4.0C and 5.0C) between 2.5 V and 3.7 V respectively. For the conditions of 4.0C and 5.0C, the rest time between two cycles is 10 minutes for the sake of heat dissipation aer discharging at high rates. The rest time aer discharging is 6 minutes under the test condition of 3.0C, while it is 2 minutes for the relatively low discharge rates. All the charge/discharge cycles were conducted on a LANHE CT2001C multi-channel battery testing system at the temperature of 25 AE 1 C. In order to record the variation of cell capacity during aging, the cycling process was interrupted every 25 cycles to check the actual capacity at 0.5C with the same procedures of the initial capacity check. When the actual discharge capacity at 0.5C decayed to about 80% of the initial capacity, the aged full cell came to the end of life, and the cycle test was stopped.
Cell disassembly
The fresh and the aged full cells were disassembled in the discharged state (0% SOC) in a glove box lled with pure argon (<1 ppm H 2 O, <10 ppm O 2 ). Aer getting rid of the aluminum shell, the anode and the cathode were separated carefully and rinsed with dimethyl carbonate (DMC) to remove the electrolyte.
Analysis aer disassembly
In order to evaluate the performance of single electrodes, the active material on one side was wiped off from the current collector with a cotton-based tissue soaked in 1-methyl-2-pyrolidinone (NMP). The LiFePO 4 /Li and the graphite/Li halfcells were assembled. The specic operation is in ref. The structures of cathode and anode materials recovered from the fresh and the aged full cells were characterized by Xray diffraction (XRD, Empyrean, Panalytical). The morphologies of electrodes were recorded and observed by digital camera and scanning electron microscopy (SEM, HELIOS NanoLab 600i, FEI). The chemical constituents on the anode and cathode surface were tested by X-ray photoelectron spectroscopy (XPS, PHI 5700 ESCA System, Physical Electronics). The Raman spectra of graphite anodes were carried out on a confocal Raman spectroscopic system (Renishaw, inVia) using a 532 nm laser. Fig. 1a and b show the capacity loss of LiFePO 4 /graphite full cells aged at different discharge rates (0.5C, 1.0C, 2.0C, 3.0C, 4.0C and 5.0C) with the cycle time and the cycle number respectively. The charging and discharging time under different discharge rates during the whole cycle are presented in Fig. 1c . The time for resting and capacity check is excluded in the statistics. With the increasing discharge rate, the proportion of discharging time declines, and the capacity fade of full cell is accelerated. The acceleration is enhanced obviously as the discharge rate is raised from 0.5C to 3.0C. However, when the discharge rate is higher than 3.0C, the accelerating effect on the capacity fade is not evident, as well as the change of discharging time. Generally, if the capacity loss of LiFePO 4 /graphite full cell is mainly caused by the consumption of active lithium owing to the generation and development of SEI lm on the anode, the square root of lifetime has a negative correlation with the discharge rates, 29, 38 and the relationship is shown in Fig. 1d . It seems that the relation becomes different aer the discharge rate is higher than 3.0C, which indicates that the degradation mechanism of full cell capacity might be changed.
Results and discussion
Cycling tests
In general, the relationship between the capacity loss of lithium ion battery and the number of cycles can be presented as formula (1) .
where Q loss is the percentage of capacity loss, n is the number of cycles, z is the exponential term, and C is a constant which is related to the test conditions.
The tted values of C and z in formula (1) are presented in Table 1 . The exponential term is approximately equal to 0.5 for the relatively low discharge rates, while the values of z become larger at the discharge rates of 4.0C and 5.0C.
Therefore, the capacity fade rate for each cycle decreases with the cycle number in a power function with a negative exponent. The calculated data and the tted lines are shown in Fig. 2a . At the beginning of the cycling, the capacity fade rate drops signicantly, then experiences a gradual decline. In the end, the rate of decay tends to be stable aer a long cycle. From the tted curves under different test conditions, the tted decay rate of full cell capacity becomes higher with the increasing discharge rate as a whole. Whereas, there is little difference between the test conditions of 0.5C and 1.0C.
In order to analyze the change rule of capacity fade rate in depth, it is inspected at different stages and the results are shown in Fig. 2b-d . In Fig. 2b , the capacity fade rates are high for all the test conditions in the very beginning. When the discharge rate is less than 4.0C, the capacity fade per cycle drops to be not more than 0.03% aer 50 cycles. However, the fade rates decrease slowly with the number of cycles at the discharge rates of 4.0C and 5.0C. In Fig. 2c , the capacity fade rates under different test conditions all present a downward trend from the 50th cycle to the 500th. Aerwards, the situation is changed in Fig. 2d . For the relatively low discharge rates, the rates of decay decline gradually and stabilize around 0.005% per cycle till the end of cycle life exactly as the tted curves in Fig. 2a . Conversely, the capacity fade rates start to increase under the conditions of 4.0C and 5.0C.
According to the above analysis, it is supposed that the SEI lm on the anode is incomplete or nonuniform at the very beginning of cycle life. Therefore, the rapid capacity loss during the rst few cycles is caused by the heavy consumption of active lithium due to the generation of SEI lm. When the discharge rates are relatively low, the capacity fade rates drop signicantly and then decrease gently with the number of cycles, as the SEI lm becomes comparatively stable. However, when the discharge rates are high, a mass of lithium ions are simultaneously extracted from the graphite electrode in the discharging process, which can result in a broken and unstable SEI lm on the anode. Hence, though the decay rate of capacity continues to decline aer the start of cycling at the discharge rate of 4.0C or 5.0C, it still maintains a high level. As for the increased decay rate of capacity in the later period of cycling, it might be attributed to the performance degradation of electrode active materials aer the repeated discharging at high rates. Fig. 3 shows the normalized charge and discharge proles at different discharge rates aer the rst and the last capacity check respectively. Since the discharge capacities in the capacity check are all tested at 0.5C, the next charging curves aer the rst or the last capacity check are similar in spite of the different test conditions. From Fig. 3a , in the case of the initial cycle, the discharge voltage platform drops with the increasing discharge rate. However, the discharge capacity does not decrease accordingly. The discharge capacities at 1.0C, 2.0C and 3.0C are about 98.8%, 96.4% and 97.4% of the corresponding charge capacity severally, while the discharge capacities at 4.0C and 5.0C are both close to 100% of the charge capacity. As the full cell is discharging at high rates, the heat is unceasingly produced and accumulated. The surface temperature of full cells can be higher than 43 C in the end of discharging at 4.0C.
This facilitates the diffusion of lithium ions inside the full cell, and counteracts the effects of the polarization due to the large current. In addition, the coulombic efficiencies at different discharge rates during cycling are all closed to 100%, except the rst cycle aer every capacity check.
When the full cells reach to the end of life, the normalized charge and discharge proles at different discharge rates aer the last capacity check are shown in Fig. 3b . The discharge voltage platform drops more obviously as the discharge rate rises. The discharge capacities at 1.0C, 2.0C, 3.0C, 4.0C and 5.0C are 98.7%, 96.5%, 93.7%, 89.5% and 89.2% of the normalized charge capacity at 0.5C, respectively. Compared with the corresponding values in Fig. 3a , it can be indicated that the high rate discharge performance of lithium ion battery declines, and the internal resistance of the full cells increases evidently aer aging at high discharge rates.
The performance of single electrodes
In general, the performance of the single electrode is mainly affected by the material structure and the diffusion barrier due to the surface lm. 29, 30 In order to evaluate the intrinsic capacity of electrode materials, the LiFePO 4 /Li and the graphite/Li halfcells were tested at 0.02C, for the effect of polarization due to the test current can be basically ignored. The change in capacities tested at 0.02C are mainly attributed to the structure degradation. When the test rate is elevated, the effect of the polarization caused by the surface lm on the electrode performance is also increased. Fig. 4a and b show the specic capacities at 0.02C and 0.1C of the LiFePO 4 and the graphite electrode materials, respectively, harvested from the fresh and the aged full cells tested at different discharge rates. For the LiFePO 4 cathode material recovered from the fresh cell, the specic capacities at 0.02C and 0.1C are 150.6 mA h g À1 and 149.3 mA h g À1 respectively.
Since the material structure is undamaged and the polarization effect is ignored, the capacity at 0.02C of the fresh electrode is regarded as the comparison standard for calculating the extent of the effects caused by the structure and the surface lm. The effect of structure degradation on the capacity loss is quantied by the ratio of the change value of capacities at 0.02C to the comparison standard. The difference between the capacities at 0.02C and at 0.1C is considered to be the adverse impact of the surface lm on the electrode performance, and the ratio of the difference value to the comparison standard represents for the effect of the surface lm. Aer cycling, the specic capacities at 0.02C of aged LiFePO 4 electrodes are decreased compared to the fresh electrode especially for the full cells aged at 4.0C and 5.0C discharge rates. It is demonstrated that the high discharge rate has a negative effect on the cathode structure. The specic capacities tested at 0.1C exhibit the same trend with the variation of the specic capacities at 0.02C, and the difference values between the two show little signicant changes, which indicates that the effect of surface lm on the cathode performance is not sensitive to the different discharge rates. The detailed values of the extent of the effects caused by the structure and the surface lm for the LiFePO 4 electrode are calculated and presented in the illustration of Fig. 4a . It is suggested that the change in the performance of aged LiFePO 4 electrodes is mainly attributed to the structure decay in cathode. The same method is used to analyze the effects of the structure and the SEI lm on the performance of graphite electrodes. The reversible capacities at 0.02C of aged graphite electrodes are decreasing, but the values are similar to each other. It is indicated that the inuence of the decay in anode structure has no obvious difference for the full cells aged at different discharge rates. When the graphite/Li half-cell is tested at 0.1C, the reversible capacity is reduced compared to that at 0.02C, and follows a trend of decline as the discharge rate reduces. The detailed values of the extent of the effects caused by the structure and the SEI lm on the performance of graphite electrodes are calculated and shown in the illustration of Fig. 4b . As the discharge rate is increased, the effect of the SEI lm on the anode is reduced. When the discharge rate reaches to 4.0C, the effect degrees of the structure decay and the polarization caused by SEI lm are almost equal. However, the generation of SEI lm on the anode dominates the performance of graphite electrodes when the full cells aged at relatively low rates. Since the SEI lm is mostly generated during the charging process, the long cycle time leads that plenty of active lithium is consumed to form a thick SEI lm on the anode surface, which has a great impact on the capacity fade of full cell.
The rate capabilities of the cathodes and the anodes recovered from the fresh and the aged full cells are shown in Fig. S1a and b. † Through the comparison between the two sets of data, the high rate performance of graphite electrodes is quite poor, especially for the anodes aged at high discharge rates. Therefore, the high rate discharge ability of full cell is primarily determined by the performance of graphite anodes.
The morphologies analysis
The macroscopic feature and morphologies of the LiFePO 4 electrodes have no obvious difference aer aging at different discharge rates. However, for the graphite electrodes, there is a change in the macroscopic feature from visual inspection when the discharge rate is greater than or equal to 4.0C. As shown in Fig. 5a-d , some active materials fall off from the current collector and adhere to the separator. This may be caused by the fast deintercalation of lithium ions from the graphitic layers and the expansion of interlayer spacing under elevated temperature.
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Fig. 5e-j show the SEM morphologies of the graphite electrodes aged at different discharge rates. Aer aging at relatively low discharge rates, some depositions of lithium compound Fig. 3 The normalized charge and discharge profiles at different discharge rates after (a) the first and (b) the last capacity check. Fig. 4 The specific capacities at 0.02C and 0.1C of (a) the LiFePO 4 and (b) the graphite electrode materials for the fresh and the aged full cells tested at different discharge rates. Illustration is the extent of the effects caused by the structure and the surface film on the performance of single electrodes.
appear on the graphite anode surface. The depositions normally result from the electrolyte decomposition during charging process, and could decrease the electrode capacity. In addition, there are some fractures in graphite particles when the discharge rate is greater than or equal to 4.0C, which is in agreement with the macroscopic feature. The shedding of active material might cause an adverse effect on the anode rate capability.
The chemical constituents on electrode surface
The changes of the composition on anode surfaces aer aging at 0.5C, 4.0C and 5.0C discharge rates are detected by the XPS test. The C1s, O1s, F1s and P2p spectra of the outermost surface layer on anodes are shown in Fig. 6 . The C1s spectra are tted by four peaks according to the reported binding energies.
29,40-42
The O1s spectra, F1s spectra and P2p spectra are all tted by two peaks separately. The relationship between the tted peaks at different binding energies and the corresponding bonds is summarized in Table 2 .
In C1s spectra, the C-F/CO 3 (289.7-290.4 eV) feature in the sample cycle-aged at 0.5C is more pronounced compared to 4.0C and 5.0C discharged rates, and the C-O (286.0-4 eV) as well as the C]O (287.8-288.3 eV) species also show the same result. 29, [40] [41] [42] The high content of oxygen containing compounds indicates that there are more decomposition products of electrolyte deposited on the anode surface during aging at 0.5C. This is because that the SEI lm is mainly generated during the charging process and its thickness has a positive correlation with the number of cycles.
The O1s spectra exhibit some differences in the relative contents of oxygen containing species. The samples aged at 4.0C and 5.0C discharge rates appear to contain more C-O (532.6-9 eV) compared to the carbonates (530.7-531.2 eV).
29,40
This suggests that there are increased amounts of organic components on the anode surfaces aged at 4.0C and 5.0C, which is owing to the rising temperature during the high rate discharge.
According to the F1s and P2p spectra, the samples aged at 4.0C and 5.0C discharge rates show a considerably smaller relative amount of P-F compounds (136.2-8 eV) 35, 36, 43 than the sample aged at 0.5C. In comparison, the relative amounts of LiF (684.2-7 eV) 40 and P-O compounds (133.3-9 eV) 35, 36, 43 are apparently larger for the samples aged at high discharge rates. The P-F and P-O species as well as the LiF detected on the anode surfaces are mainly attributed to the decomposition of LiPF 6 salt. 44, 45 With the proceeding of decomposition reactions, the P-F species are gradually replaced by the P-O species and LiF. 44, 46 It is indicated that the LiPF 6 salt experiences a more complete decomposition reaction under the condition of high discharge rates. The SEI lm on the anode aged at high discharge rates contains a relatively large quantity of LiF that has an adverse effect on the lithium ion diffusion in the interface layer. 47 So, it causes that the internal resistance of full cell increases, and the polarization voltage rises, which results in a reduced ability of high rate discharge performance. This result is in accordance with the poor rate capability of graphite materials in Fig. S1b † and the obvious decline of discharge voltage platform in Fig. 3b aer aging at high discharge rates.
The XPS spectra of cathode electrodes recovered from the full cells decayed to the capacity retention of 80% at 0.5C, 4.0C and 5.0C discharge rates are compared in Fig. S2 , † and the binding energy assignments for different tted peaks are also presented in Table 2 . Aer a general comparison among the three samples, except the slight difference in the O1s spectra, it is concluded that there is no other obvious change for the chemical constituents on cathode surfaces aged at different discharge rates.
The structures analysis
According to the analysis of half-cell tests, the decay in structure has more serious inuence on the performance of single electrodes when the full cells are cycle-aged at high discharge rates. In order to conrm the change in structure, the powders of LiFePO 4 and graphite materials scraped from the electrodes are tested by XRD respectively. The XRD patterns of the LiFePO 4 powders recovered from the fresh and the aged full cells tested at different discharge rates are shown in Fig. 7 . As shown in Fig. 7a , the intensity of peaks for the FePO 4 phase is increased aer aging, which is indicated that some lithium ions cannot come back to the cathode when the full cell is discharged to 2.5 V. Generally, this part of active lithium is consumed irreversibly in the anode due to the formation of SEI lm or other side reactions. 16, 29 In addition, the peaks of (200), (020) and (002) shi to low angle direction when the full cells decay to the end of life, especially for the high discharge rates (Fig. 7b) . It is indicated that the distance of interplanar spacing becomes larger aer aging.
48 Table 3 presents the lattice parameters of LiFePO 4 phase. The grain size of LiFePO 4 particles is calculated by the radians of full width at half maximum (FWHM) and diffraction angle according to the Debye-Scherrer formula. The values of a, b and c are increased with the elevating discharge rates, while the grain size shows an opposite trend, especially for the discharge rates of 4.0C and 5.0C. The XRD results demonstrate that the high discharge rates have a negative effect on the structure of LiFePO 4 materials. The decay in cathode structure might be attributed to the quick and repeated intercalation of lithium ions, the elevated temperature and high utilization ratio of active material during the high rate discharging process.
The XRD patterns of the graphite powders of the fresh and the aged full cells tested at different discharge rates are shown in Fig. S3 , † and the structural parameters are tted and presented in Table 4 . There is no obvious change among the XRD patterns of different graphite powders, and only the graphite peaks are detected. From the inset of Fig. S3 , † the peak of (002) has a shi towards the low angle direction for the full cells aged at 4.0C and 5.0C discharge rates, meaning that the layer distance (d 002 ) of the graphite is expanded. 49 From Table 4 , as the discharge rate increases, the FWHM of the (002) peak is broadened, and the grain size is reduced. For the graphite materials aged at high discharge rates, the increased interlayer spacing and the decrease in grain size indicate that part of active materials is damaged and exfoliated aer the long cycle time, 49 which coincides with the morphologies analysis of anode electrodes. Fig. S4 † shows the Raman spectra of the fresh and the aged graphite electrodes tested at 0.5C, 4.0C and 5.0C discharge rates. Aer aging, the peaks assigned to the disorderinduced D and D 0 bands are obviously enhanced, especially for the high discharge rates, which means that the defect quantity is increased in graphitic materials. 50 Comparing with the structure analysis of aged LiFePO 4 materials, the high discharge rates are also detrimental to the material structure.
Conclusions
In this work, the inuence of different discharge rates on the aging of LiFePO 4 /graphite full cells is investigated. The decay rate of full cell capacity is accelerated by increasing the discharge rate. However, when the discharge rate is higher than 3.0C, the degradation mechanism of full cell is changed.
Through disassembling the fresh and the aged full cells, it is concluded that the intrinsic capacity of graphite anode is mainly related to the SEI lm on its surface. The irreversible consumption of active lithium due to the formation and development of SEI lm is the primary reason for the capacity fade of full cell aged at relatively low discharge rate. When the discharge rates are 4.0C and 5.0C, the capacity fade rate maintains a comparatively high level, for the SEI lm on the anode is apt to be broken and unstable aer the rapid extraction of lithium ions at high rates. Besides, the decay rate of capacity increases in the later period of cycling, which is attributed to the degradation of active materials. The performance degradation of LiFePO 4 electrode and the unstable SEI lm indicate that the degradation mechanism is changed when the full cells are aged at high discharge rates. Furthermore, the high discharge rate has adverse effects on the performance of graphite anodes and also can increase the internal resistance of full cell, which is detrimental to the high rate discharge ability.
In conclusion, the high discharge rates can result in the rapid fade of full cell capacity and the changed degradation mechanism. So, when the discharge rate is greater than or equal to 4.0C, it is not suitable to be used for accelerating the aging of the LiFePO 4 /graphite full cells.
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